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 

Abstract— In this paper, a plastic optical fiber (POF) sensor for 

respiratory monitoring purposes is presented. The sensor was 

integrated into a small, robust and flexible package to be attached 

directly on a wide variety of positions on the upper body to 

monitor the motion induced by breathing. The sensor's operating 

principle is based on the variation in the intensity of the optical 

coupling intensity ratio between an input and a set of aligned 

output optical fibers. The system is demonstrated to be able to 

track the time varying breathing signal when the sensor is placed 

at four different positions of the torso (including diaphragmatic 

and upper costal). The accuracy of the device is confirmed by a 

simultaneous comparison of the results with a commercial 

respiratory monitoring device. Measurement of breathing rate on 

four different healthy subjects showed excellent agreement with 

the measurement from the commercial respiratory monitoring 

device. The proposed fiber optic respiration sensor provides the 

advantages of being relatively low cost, compact and simple in 

construction compared to the conventional existing respiration 

sensors.  

 
Index Terms—Respiratory monitoring device, Fiber optic 

sensor, Respiration rate 

 

I. INTRODUCTION 

HE respiratory signal is one of the important medical vital 

signs. Respiratory rate is the frequency of breaths and it 

provides important indications related to the health or 

physiological state of a patient. Techniques used to detect 

respiration activity include humidity [1, 2], temperature [3], 

and movement of the human torso[4] during breathing. 

Generally, respiration monitoring sensors can be classified into 

contact (wearable) and non-contact types. For the contact type 

respiratory sensor, the device makes direct contact with 

patients. An example of a contact sensor includes a face mask 

 
 

that detects the humidity when breathing [1, 5] or an 

abdomen-attached sensor using polymethyl-methacrylate 

(PMMA) tubes to measure changes in abdominal 

circumference during breathing [3]. It is important for the 

wearable type sensor to be low cost, mechanically robust, 

flexible and comfortable to wear regardless of the size of 

patients. The non-contact type device measures the respiration 

rate without making contact with patients. This type of device 

can be implemented using a charge coupled device (CCD) 

video camera [6], 3-D image sensor [7] or microwave radar [8] 

to track the movement of the abdomen and chest during 

respiration. It provides greater comfort for the patient but is 

often expensive and immovable. 

In the context of the research reported upon here, other 

researchers are also working on the fabrication of a respiration 

rate sensors using optical fibers due to their small size, light 

weight and immunity to external electromagnetic interference 

[9]. The latter is particularly important if such devices are to be 

used in electromagnetic-based scanning machines e.g. 

Magnetic Resonance Imaging (MRI). For the optical fiber 

based respiratory monitoring sensor, different types of fiber 

have been utilized and embedded in a textile in order to produce 

a wearable sensor. Types of optical fiber which have been 

reported to have been implemented in the wearable sensor 

include flexible polymeric optical fibers [10], fiber Bragg 

grating (FBG) [11] , macrobending of single-mode fiber [11] 

and notched side-ablated polymer optical fiber on a fabric 

substrate [4].  

In this research, a respiratory monitoring sensor has been 

developed using a plastic optical fiber (POF) based sensor. The 

sensor is composed of three individual POFs that are optically 

coupled to one input fiber with a flexible section which allows a 

variation in the optical coupling in order to measure the 

movement changes associated with respiration. Since the lungs 

expand when breathing in and contract when breathing out, the 
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sensor attached on the body will slightly bend or extend 

depending on the inflation/deflation phase. The compact device 

developed is comfortable to wear regardless of the size of the 

patient. The sensor can quantitatively measure the depth of 

breathing and has a sufficiently good time response to allow it 

to accurately measure the breathing rate.  

II. METHODOLOGY 

In this study, the POF sensor principle of operation is based 

on the change of coupled light intensity when the sensor is bent. 

A sensor based on a similar concept has been previously 

described for the measurement of back (spine) bending [12]. 

The sensor comprises a POF, a light emitting diode (LED) as 

the light source and an electronic circuit that consists of a 

photodetector and amplifier. The plastic optical fiber used for 

the sensor is a multimode fiber with a core diameter of 0.98mm. 

Refractive indices of the core and cladding are 1.492 and 1.402, 

respectively. A bright red LED (SFH756V) with a peak 

wavelength of 660nm was used as the light source and placed at 

one end of the sensor illuminating the input fiber. The received 

light signal is detected using a Silicon photodiode coupled to a 

current to voltage amplifier, the analog output of which is 

connected to a computer via a National Instruments type NI 

USB-6008 DAQ data acquisition unit. The experimental setup 

including the photodetector circuit and PC software is shown in 

Fig. 1(a). A photograph of the sensor attached to a subject’s 

back and sensor itself are also shown in Fig. 1(a). The sensor is 

attached using only standard biocompatible medical tape. 

  

Fig. 1.  (a) POF sensor and experimental setup for measuring respiration. (b) 

Structure of sensor prototype assembly for printing.  

Fig. 2 depicts the fiber configurations used to detect 

movement of the upper torso when breathing occurs. The input 

fiber is aligned to three output fibers at the center before any 

measurement was recorded. When the sensor is attached on a 

human body during breathing, the input fiber is shifted upwards 

or downwards as shown in Fig. 2(b) and (c). Light coupling to 

the output fibers is therefore changed and the respiration signal 

can be estimated from the output intensity ratio as follows:-  

 

    Ὑ
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          (1) 

 

By calculating the signal from the output intensity ratio of three 

fibers, bending loss of the lead in and out fibers are 

automatically compensated. This minimizes the noise and 

fluctuations arising from the light source and environment 

during measurement. 

A sensor was fabricated to house the fibers and LED (inset of 

Fig. 1(a)) so that the sensor can be easily attached to a patient. 

The design comprised a 3-D printed housing in two parts (input 

and output) and connected using a silicon tube and silicon 

molded section between the input and output fibers to allow 

flexibility of the sensor during breathing movement as well as 

protecting it from external mechanical damage. The sensor 

tubes are 3-D printed using the Stratasys Connex 500 printer. 

The structure of both input and output sensor tubes are shown in 

Fig. 1(b). Input of the fiber tube was designed with a profile of a 

Philips screw head to allow efficient and accurate light 

coupling between input and output fibers. This design ensures 

the accurate optical coupling between both tubes with two 

degrees of movement – vertical plane and horizontal plane. A 

silicon tube of 1mm thickness is used to lock both tubes 

together. The hinge part of sensor is coated with another layer 

of silicon mold to add strength and robustness of the sensor 

whilst still providing flexibility. The sensor was directly 

attached to the patient’s skin using medical tape. The sensor 

was initially calibrated using a micrometer accurate 

translational stage to minimize the fiber positioning error, 

although for the application of respiration monitoring the signal 

detection is the main concern and once an adequate signal is 

detected the sensor measures the amplitude and frequency of 

the oscillatory signal. Data was captured using LabVIEW 
TM

 

software and stored locally on the laptop for further analysis.  

 

 
Fig. 2.  Fiber configuration of body movement during the breathing process. 

 

A. Comparison of the Respiration Signal from Different 

Sensing Positions on the Body 

The sensor was placed at different positions on the human 

body in order to investigate the capability of the sensor to be 

used at different sensing positions. The participant was asked to 
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sit and relax while breathing normally (no patient exertion) for 

one minute while the sensor was attached at different positions. 

The sensor was attached to the front of the body at three 

positions as shown in Fig. 3: lower costal (around the 

diaphragmatic position), upper costal (chest), middle belly 

region and one on the back: upper back (below the left shoulder 

blade). 

 

 
Fig. 3.  Positions of the sensor placed on the subject. (1) Upper costal; (2) 

Lower costal; (3)Middle abdomen (belly); and on the back (4) below the 
shoulder blade. 

B. Comparison with a commercial device on different subjects 

The practicability and accuracy of the sensor is further 

evaluated with a direct comparison to a conventional 

respiratory monitoring sensor. Measurement was conducted 

simultaneously with a commercial device (Neulog Respiration 

Monitor Belt logger sensor NUL-236) as shown in Fig. 4. For 

the Neulog respiration sensor, the ADC resolution is 15 bit with 

a maximum sample rate of 100 S/sec. The ADC resolution for 

the POF sensor depends on the DAQ (data acquisition) unit.  In 

this investigation the unit is NI USB-6008 with 12 bit with a 

maximum sample rate of 2.5kS/sec. The signals from the POF 

sensor and commercial device were compared and analyzed by 

conducting a normal breathing test and using both sensors to 

simultaneously monitor the signal, as illustrated in Fig. 4. In 

this case, the POF sensor was placed on the upper torso (around 

the chest) as the respiration monitor belt has to be attached 

tightly around the diaphragm and the user’s lower ribs area. 

During the measurement, both sensors’ data were 

simultaneously recorded to investigate the relationship between 

the two sets of signals and identify any possible reliability 

issues for the fabricated POF sensor. Four different healthy 

volunteer subjects (two males and two females) aged between 

26 to 35 years old were requested to wear both the POF sensor 

and the commercial device simultaneously in order to establish 

agreement of the measured breathing signals. The volunteers 

were asked to relax and breathe normally for one minute during 

the test to demonstrate the feasibility of using the sensor on 

different subjects.  

It must be noted that these measurements were in no way 

intended as a large patient number trial, but merely to establish 

that the sensor could be attached to the subjects at different 

locations and an initial comparison made to a recognized 

commercial respiratory sensor. 

 

 
Fig. 4.  Breathing measurement using both the POF sensor and the commercial 
respiratory monitoring sensor. 

III. RESULTS AND DISCUSSION 

A. Comparison of the sensing positions 

The versatility of the sensor was investigated by evaluating 

the output due to a normal breathing scenario at different 

sensing locations on the body (Fig. 3). Fig. 5 presents part of 

the results (30 seconds) of the breathing test for a clearer view 

of the breathing signal when the POF sensor was attached on a 

single subject at four different locations shown in Fig. 3. The 

data was recorded as 1 sample every 100 ms. Each of the 

breathing signals obtained were normalized and placed on the 

same axis to directly compare the breathing patterns acquired 

during the test. Data was normalized to the range between -1 to 

1 using: 

 

x=Moving Average (10)-Moving Average (60) 

X'=x/xmax                           (2) 

 

Moving Average (10) represents a 10 point moving average 

signal. Time for 10 points = 1 s 

Moving Average (60) represents a 60 point moving average 

signal. Time for 60 points = 6 s 

xmax is the maximum value of x during the cycle 

The signal is smoothed in order to reduce the noise by 

averaging 10 subsequent data points in signal (moving average 

10). The second moving average value (moving average 60) 

which is the mean value of signal is then subtracted from the 

smoothed signal so that the whole signal can be shifted to the 

mean point, this being near zero in value. The resulting signal is 

then divided by the maximum value of x during the cycle to 

normalize all  data in the range -1 to 1.  

 
Fig. 5.  Breathing data when the sensor was attached at four different locations 

on the body. 
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From the respiratory signal, different breathing information 

can be obtained which includes the respiration rate and the 

relative value of the breathing depth. Peaks in the signal can be 

used to determine the respiration frequency and are detected 

without any apparent noise artefacts. The results of Fig. 5 prove 

that the sensor is sufficiently sensitive to detect breathing 

signals at all four locations. This allows the sensor to be used at 

different locations according to the comfort or other specific 

needs of users in the appropriate clinical setting. The sensor 

was placed on the same subject but at different times and hence 

the variation in the respiration rate is observed. 

Signal quality was further examined by calculating the signal 

to noise ratio of each location for the device. The ‘Eye diagram’ 

is a widely used technique in optical telecommunications for 

assessing the signal to noise ratio. For this investigation a 

modified eye diagram approach was used for the same purpose. 

Fig. 6 represents the eye diagram formed from the data of this 

investigation and was generated by overlaying sweeps of 

different period segments (one respiratory peak cycle) to 

visualize the signal and noise of the breathing rate at different 

locations. The period of each respiratory cycle were acquired 

by converting the signal of Fig. 5 into a sign function (signum 

function) and differentiating the instantaneous values using 

Matlab software. Each positive value of signal found from the 

function ‘diff(sign(X’))’ represents one period of the breathing 

signal (inhalation and exhalation). The amplitude of the graph 

(normalized intensity) was plotted as the lower peak of the 

signal occurs at or near the zero value and the range of the 

whole normalized signal was therefore between zero and two. 

The horizontal axis in Fig. 6 is time. Each sampling point on the 

horizontal axis represents an increment of 0.1 s. Therefore the 

full axis in each case represents a total duration between 6 s for 

(a) and (b) and 8 s for (c) and (d). These represent breathing 

cycles captured from different breathing cycles and hence the 

small differences in the durations within each of the Fig. 6(a), 

(b), (c) and (d). The small amplitude signal seen around 0 to 8 s 

in Fig. 6(a) and (b) is the partial breathing signal of one full 

breath from one minute normal breathing. 

 
Fig. 6.  Eye diagram for the normalized breathing signal at the four different 
locations (a) upper costal, (b) lower costal, (c) abdomen and (d) back body 

below shoulder blade. 

From Fig. 6 , the breathing signal for the sensor located at the 

back position (Fig. 6(d)) appears to exhibit less noise and hence 

provides potentially greater stability in obtaining the breathing 

frequency data. However, it also shows the smallest deviation 

in successive cycles (differences in amplitude) which means 

less information on the relative breathing depth can be obtained 

from the signal because lung expansion during normal 

breathing might be more restricted posteriorly due to string rib 

attachments. Hence, a smaller change of body geometry is 

expected when the device is placed at the back position. The 

measurements obtained at the upper costal, lower costal and 

abdomen were similar but with slightly higher deviations in the 

amplitude signal. The results are further confirmed by treating 

the signals of Fig. 6 as a mean and standard deviation of the 

signal’s peak over a one minute measurement interval which is 

shown in Fig. 7. In this case the standard deviation function in 

Matlab was used to calculate the variation of each swing in 

amplitude corresponding to the locations in Fig. 6. Both the 

mean and standard deviation value were obtained in each case 

from Fig. 6 by calculating peak to peak amplitude for each 

period signal as illustrated in Fig. 7.  

 

 
Fig. 7.  Mean and standard deviation of breathing signal at the four different 

sensor locations. 

Fig. 7 shows that the signal from the POF sensor placed at 

the back of the body has the lowest peak variation, as seen from 

the smaller error bar in the graph. The measured output signal 

change at this position is lower due to the smaller chest 

movement to the back during respiration as discussed above. 

The variations observed in the peaks of Fig. 6 and 7 could also 

be due to genuine fluctuations on the peaks of the respiratory 

signal which are known to occur as the sensor was mounted on 

the same subject at different time [13]. 

In summary, all four locations exhibit a strong peak signal 

for the respiratory monitoring purposes. The POF sensor can be 

placed at the different locations according to patient comfort 

needs and perceived suitability. The sensor placed at the front 

region yielded a consistently higher amplitude signal change 

with a larger variation in peak amplitude. Conversely, the 

sensor placed at the back has a relatively lower peak variability 

but a more consistent signal amplitude. The results of this 

section are only intended to investigate potential variability in 

the breathing patterns of real patients at four separate locations 

on the body. It is possible that such variations are normal as 

discussed above and in the next section this hypothesis is 

directly tested by comparing the signal from the POF sensor 

with a standard electronic respiration monitor on four different 
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patients.  

B. Comparison with a commercial respiration rate 

measurement device 

 Data from the POF device were compared with a 

commercial device and tested on four volunteers. Both the POF 

sensor and a commercial sensor (Neulog Respiration Monitor 

Belt sensor NUL-236) were placed on the body of the 

participants and data from both devices was simultaneously 

recorded during normal breathing. Fig. 8 shows the data for the 

respiratory signal obtained using the POF sensor and the 

Neulog monitoring belt device captured simultaneously. The 

signal increases during the inhalation period and decreases on 

exhalation. Fig. 8 clearly shows that the data correlated well, 

even when the POF sensor was placed on the upper costal 

(chest). This constitutes the greatest departure in location 

between the belt device (worn around the abdomen) and the 

POF sensor located high on the chest. During the measurement, 

there is a slight variation between the POF sensor’s data 

compared to the commercial sensor’s data which can be 

explained by the positioning of the two sensors at different 

body locations as described above and this is related to 

differences in the movement of the torso at the chest location 

and abdomen location during normal breathing. All four 

subjects exhibit a respiration rate between 12 to 18 respirations 

per minute which is normal and usual respiratory rates for 

adults are considered to be 10 to 20 respirations per minute 

[13]. 

 

 

Fig. 8.  Normalized respiration signals of four subjects for both conventional respiratory sensor and POF sensor. 

 

The breathing signal was further analyzed by studying the 

eye diagram as discussed in section III(A) above and the 

standard deviation of both sensors’ signal, as presented in Fig. 9 

and 10 respectively. Both sets of results in Fig. 10 exhibit a high 

level of consistency in the variation of the peak amplitude, 

albeit not the normalized amplitude. This is strongly indicative 

that the POF based sensor and the commercial sensor measure a 

similar variation in the respiratory peak amplitude, even when 

located at different positions on the body and that this 

constitutes a genuine variation of the signal amplitude and 

therefore it is not noise. The respiratory frequency was 

calculated using MATLAB (Mathworks, Inc.) and the resulting 

data is shown in Table I. The percentage difference of the POF 

sensor was calculated in terms of a difference between the 

results of the POF sensor and Neulog Respiratory sensor for all 

subjects. Results for all four subjects show excellent agreement 

for breathing frequency with a worst case difference of 1.1%.  
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Fig. 9.  Eye diagram graph of breathing signal on both (a) conventional Neulog 
respiratory sensor and (b) POF sensor on four different subjects, with the fibre 

sensor placed on the upper costal (chest) region. 

 
Fig. 10.  Mean and standard deviation of the peak amplitude of breathing signal. 

 
TABLE I. Respiratory frequency monitored on four volunteers using a 

commercial respiratory monitoring sensor and the POF sensor. 

 

Subject No. 

Respiratory Frequency (Hz) 

1 2 3 4 

Neulog Respiratory 

Sensor, SN 

0.30020 0.20013 0.28838 0.20013 

POF Sensor, SPOF 

 

0.30151 0.20134 0.28523 0.20134 

% Difference 

= ȿ
╢╝  ╢╟╞╕ 

╢╝
ȿ● Ϸ 

0.4363% 0.6046% 1.0923% 0.6046% 

 

IV. CONCLUSIONS 

The feasibility of a POF based optical fiber sensor as a 

respiratory monitoring sensor has been investigated and 

demonstrated. The sensor was placed at four different locations 

on the body and this showed that the signal amplitude is strong 

enough to accurately measure the breathing signal at all four 

locations. This also shows that the POF sensor is not restricted 

to being located around the diaphragm and lower ribs region, as 

is the case with many commercially available respiratory 

sensors. The POF sensor can also be placed on the patient’s 

back if needed. The sensor was further simultaneously 

compared with a commercial device on four different volunteer 

participants, which has shown good agreement and the 

versatility of the POF sensor. A comparison of measurements 

of the respiration rate measured on four patients using the POF 

and the commercial sensor has shown that these values differ 

by less than 1.1%. Unlike other wearable respiratory 

monitoring sensors, the flexibility and small size of the POF 

sensor might allow more comfortable options for long-term 

monitoring purposes. In future, the LED source will be located 

at the end of a several meter length of input optical fiber. We 

anticipate that this will create the possibilities for the sensor to 

be used in conjunction with an MRI or other medical scanning 

systems which are hostile environment to electronic devices. 
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